ABSTRACT Resorting to power accurate delivery for wireless power transfer (WPT) based on microwaves, a theory and method based on time reversal (TR) for WPT in 3D indoor environments are presented in this paper. Conventional WPT methods have the limitations of requiring that the elements on power source array (PSA) must have the same structure and regular arrangement. Unlike those conventional methods, the PSA used in this paper can be constructed by any omnidirectional antenna elements with any structure and any arrangement, whose principles are based on the auto-match of antenna radiation and environment adaptability of TR. Moreover, compared with those conventional methods, which perform complex multi-objective optimizations of beam pattern cost-functions at each frequency for getting excitation of PSA, the proposed algorithm can obtain PSA's excitation over a wide frequency range only by a single run of TR and Fourier transform operations. In addition, by weighting the time reversed charging request signal from powered devices, the interference caused by different observing elevation angles and amplitude difference among each channel can be suppressed effectively. At last, multi-powered devices placed arbitrarily can be charged simultaneously, and get similar power from PSA without power unfairness by our proposed algorithm.
I. INTRODUCTION
Wireless power transfer (WPT) working in the microwave range gathers a considerable interest for many potential applications [1] - [5] , especially the scenarios where the electrical wired devices is unfeasible or cost ineffective, such as solar satellites [6] , [7] , space stations [8] , unmanned aerial vehicle [9] , and corrosive environment.
According to the distance of power transfer, operating principle, frequency band and the scenarios of application, three kinds of WPT are researched these days, big compared with powered devices [14] , [15] . In addition, this technique requires the powered devices have the same resonance frequency as that of power source [16] . Although this requirement can suppress the waste of energy impinging on non-powered devices, the application is still limited. Additionally, the efficiency of WPT based on magnetic resonance drops quickly when the air gap between power sources and devices changes [16] . Moreover, these two WPT methods discussed above are also called non-radiative WPT, which is different from the long-range WPT using microwave radiation theory to transfer energy wirelessly. Specifically, long-range WPT is exploited from the view of electromagnetic far-field radiation, requires the transmission of microwave from the generating point to one or more faraway receiver, and power wireless electronic devices over moderate to long distances, whose excitation can cover a wide range. Namely, this kind of WPT does not require the powered devices have the same resonance frequency like the condition of using magnetic resonance. Although the efficiency is still decline with the increasement of distance and misalignment between power souces and devices, the technology of power accurate delivery can alleviate this problem [17] .
Besides, although the concept and fundamental of WPT based on microwave is not completely new, since they are loosely related to those of radar and wireless communications' theories [18] , [19] , the long-term viability of electronic devices needs to address power accurate delivery through a perspective combined with specific tools and approaches.
Nowadays, the most popular solutions to address the above problems are using beamforming algorithms or retroreflective methodologies in WPT [20] - [24] . The general principle of these two methods is generating pencil beams to focus the power in a narrow direction towards the powered devices. By carefully shaping the transmitted waveform at each antenna over the whole operation frequency band, beamforming is able to control the collective behavior of the radiation pattern of power source array (PSA). Generally, the larger number of antennas on PSA, the shaper power beam is able to be generated towards the powered device's spatial direction [25] .
However, these two methods can steer a signal sharp beam to maximize the harvested power towards only one powered device. When there are more than one electronic devices needed to be charged, this method may result in severe power unfairness among these powered devices. In this case, the PSA needs to generate multiple optimized function to produce multi-power beams in different directions of the corresponding powered devices to balance the unfairness. This operation is not only complex because single beam function should be optimized for each powered device, but also has a limitation that the antennas on PSA must have the same sturcture and regular arrangement. Thus, these two methods lack the environment and structure adaptability, and are not suitable for unfixed devices since the optimal function need to be reconstructed when the positions of powered devices are changed. Additionally, the retro-reflective methodology [24] just can obtain the optimal beam at one single frequency by a single run of optimization function, which is time consuming for wideband systems.
Therefore, it can be seen clearly that how to build optimal function adaptively according to the different spatial channels and multi-powered devices' positions is the key to break the bottleneck of conventional WPT algorithms and further develop WPT based on microwaves.
Time reversal (TR) is a good candidate to achieve this object, because its superiorities of adaptive spatio-temporal focusing and broadband on communications [26] , [27] , radar imaging [28] , location [29] and shaping spatial fields [30] . The focusing property of TR was firstly executed by Fink [31] in acoustic field, and reported subsequently in microwaves by Lerosey [32] . These researches disclose that TR has the ability of controlling wave in complicated media, which contains multipath and multi-reflections. Specifically, TR can take advantage of multipath to focus the wave on the wanted direction further, espcially in complex media [29] . Therein, multipath is generally recognized as noise or clutter and mitigated/ignored in conventional communication, imaging algorithms etc. Thus, TR has a great potential to adaptively focus power on multi-position, where the powered devices are placed, and adaptively direct power towards multi-powered devices over the whole wide operating frequency band of PSA. Even so, its application in WPT has been studied just recent several years [17] , [33] . And the researches are just limited in 2D environment and charging single electronic device. Its applications on charging multi-powered devices simultaneously is seldom researched. Further, the problem of power unfairness impinging on multi-powered devices is unsolved, especially in 3D environment.
Based on this, this paper proposes a power accurate delivery method based on TR, which is suitable for 3D indoor WPT environments and yields many advantages such as:
(1) Improvement of efficiency of WPT (evaluated by power collection efficiency (PCE) in this paper): spatio-temporal focusing property of TR increases the signal to interference and noise ratio impinging on the powered devices.
(2) Suppression of interference to non-powered devices (evaluated by sidelobe in this paper): by taking advantages of multipath rather than ignoring or mitigating it, TR achieves more accurate power delivery with small sidelobes.
(3) Increased coverage applications: a wideband excitation of PSA can be achieved by a single run of TR operation and Fourier transformation. And, the channel matched delivering power can also be obtained for the whole wide frequency band at a time. Besides, those frequencies can cover working bands of multi-kind/multi electronic devices, which allows an increased coverage applications.
Furthermore, in this paper, a weighted method is developed to address the power unfairness problem. This method can suppress the interference from different observing elevation angles and amplitude difference among each channel.
The remainder of this paper is organised as follows. Section II provides the algorithm and method used throughout this paper. The corresponding numerical experiments and analyses are discussed in Section III. Finally, Section IV concludes this paper. Additionally, the electronic devices needed to be charged are called powered devices throughout this paper, and send charging request signal when they are in low battery states.
II. METHODS
In this study, we aim to charge any device wirelessly in 3D indoor environments, such as living room, office, warehouse and parking lot etc. The PSA can be fixed at anywhere in the room, for example, on the side walls or the ceiling. Here, we place PSA on the ceiling for example as shown in Fig.1 . The PSA consists of N omnidirectional antennas with any structure and arrangement. Any number of powered devices such as digital camera, laptop, cell phone and electric toothbrush can be positioned at anywhere in the room as well. Here, the total number of powered devices is M. Assume that the distance between PSA plane and power receiving plane (PRP) is L. The powered devices are placed arbitrarily in the PRP. We choose the center of ceiling as the origin of coordinate. Define θ as elevation angle and φ as azimuth angle. First, we consider about the case of only one powered device. Take the radiation pattern of PSA into account, when only the m th powered device placed at (θ m , ϕ m ) sends charging request signal p m (t), m = 1, 2, · · · , M , the received signal at PSA can be expressed as
where ''⊗'' denotes convolution operator, f n (θ m , ϕ m , t) is the radiation pattern of the n th antenna of PSA, whose position is (θ m , ϕ m ); h mn (t) presents the channel information between the m th powered device and the n th antenna. Its expression can be wrote as
which is chosen according to multipath channel model in IEEE802.15.3a [34] , [35] . Therein, X is log normal random variable representing the gain of channel amplitude. K is the total number of cluster, which indicates the form of charging request signal arriving at PSA through multipath. Q(k) is the total number of the k th cluster's path. a qk is the coefficient of the q th path in the k th cluster. T k is the arrival time of the k th cluster. τ qk is the delay of the q th path in the k th cluster. We take TR operation on the received charging request signal at PSA, and get the corresponding expression as
And corresponding expression in frequency domain can be obtained by Fourier transformation as
where superscript '' * '' denotes conjugation operator. Each antenna takes its respective time reversed frequency signal as excitation. It can be seen obviously that this synthesized excitation is wideband and can be achieved by a single run of TR and Fourier transform operations. Next, we will prove our proposed power accurate delivery method are suitable for the whole frequency band without optimizing at each frequency. Because of the reciprocity of antenna radiation, the received mode of antenna is the same as the transmitted mode. Thus, we can get the radiation signal from the n th antenna at all elevation and azimuth angles as
Then, the signal received by the original powered device placed at (θ m , ϕ m ), which sends charging request signal, can be expressed as
It can be seen clearly that the signal arriving at the original powered device is a focused signal through the same multipath. This does not happen at the positions of non-powered devices. The reason can be explained as follows. The expression of signal impinging on the electronic devices placed at VOLUME 7, 2019
Compared eq. (6) with eq. (7), we can find that the radiation type of each antenna matches towards the powered device adaptively. Namely,
, which is suitable for omnidirectional antennas with any structure and arrangement.
Furthermore, assume all electronic devices are placed in the same plane. When elevation angle is constant, power transmission efficiency is unchanged with the changed azimuth angle, since the distance between devices and PSA is unchanged and the same. However, when the elevation angle is changed, the situation is different. Specifically, when θ x < θ m , the attenuation of H mn (ω) is smaller than that of
is always true. Namely, the energy obtained by powered device is always larger than that arriving at other places. When θ x = θ m , the attenuations of H mn (ω) and H xn (ω) are almost the same.
is also always true, and the energy obtained by powered device is always larger than that arriving at other places as well. When θ x > θ m , the attenuation of H mn (ω) is larger than that of H xn (ω). Thus, it is very hard to assess the values of |H mn (ω)| 2 and H * mn (ω)H xn (ω). However, |H mn (ω)| 2 > H * mn (ω)H xn (ω) can be still hold water when N is large enough. Hence, in this situation, the object that energy obtained by powered device is larger than that impinging on other places can be also achieved with enough antennas.
Nevertheless, the interference occurs when there are multi-powered devices. These devices can not be charged simultaneously by above method even with enough antennas. For addressing this problem, we propose a solution.
Assume all powered devices send the same kind of charging request signal. Namely
At PSA, in order to obtain its own wideband excitation of each antenna, we take TR operation and one-time Fourier transformation on the received charging request signals, which is from M powered devices and propagates through the whole environment. Therein, the expression of the n th antenna's wideband excitation is
Similarly, the radiation signal at all elevation and azimuth angles of the n th antenna can be illustrated as
Then, we can get the received signal's expression at the i th powered device located at (θ i , ϕ i ) as (10) where (i = 1, 2, · · · , M ). It is obvious that the useful signal is a focused signal, which is focused on the i th (original) powered device. Oppositely, the interference item is not a focused signal, and constructed by the M −1 charging request signals from all powered devices except the i th one. Moreover, the function of focused signal is directing energy towards the powered device, while the interference item has negative influence, that may change the direction of focused energy or even worse, such as lead to the direction of focused energy uncontrollable.
Different from the single powered device case, in this case, it is very hard to compare the values of useful signal item and interference item with different elevation angles, since the interference is large. But, with enough antennas, the negative influence of interference item can be alleviated. Specifically, with enough antennas, for the condition of θ i ≥ θ m , the attenuation of H in (ω) is smaller or equals the attenuation of H mn (ω). Thus, the energy is still able to be focused on the original powered device. However, for the situation of θ i < θ m , the attenuation of H in (ω) is larger than that of H mn (ω). Thus, it is difficult to determine the comparison of |H in (ω)| 2 and H * mn (ω)H in (ω). In this circumstance, when the interference item is larger than the useful signal item, the energy from interference is the main item to control the power delivery direction, which makes focused signal useless. Even worse, it may lead unvalid of controlling the energy covered the whole frequency band focus on the powered devices.
Therefore, when all the devices are placed in the same plane, the energy can be only focused on the powered device with the largest elevation angle, which leads a lot of energy waste.
For addressing this problem and making the utmost of energy, here, we use a weight method to reduce the negative influence of interference on the useful focused signal.
First, let each powered device send charging request signal separately. And we record it at PSA, take time reversal, weight and channel compensation operation on it.
The processed signal can be wrote as
where W mn (ω, θ) is weight between the m th powered device and the n th antenna. This weight correlates to frequency and elevation angle, and can be expressed as
where A n (θ ) is channel compensation between the n th antenna and PRP with elevation angle θ, which is utilized to match the amplitude difference among channels, so that the interference from different elevation angles and channel difference can be suppressed. The value of a n (θ k ) is reciprocal of channel gain between the n th antenna and PRP with elevation angle θ k . δ(θ ) is dirac function. The steps to obtain W mn (ω, θ) is as follows: 1) get the distance between PSA plane and PRP; 2) according to the models in IEEE802.15.3a, combined with the distance obtained in step 1), we can get channel gain in each path of each cluster. Then, the A n (θ) is able to be deduced, and the weight W mn (ω, θ) can be calculated with the known channel information, which can be obtained by pre-test. Next, we take the sum of all respective processed received charging request signals as excitation of corresponding antenna, by which all powered devices can be charged. The signal impinging on the i th powered device is (14) Similarly, the signal impinging on other places (θ x , ϕ x ), where θ x ⊆ [0,
It can be seen from eq. (14),
is always true for omnidirectional antennas. Thus, we can conclude that the focused useful signal item is always greater than interference item. Further, the focused useful signal, which is always towards the corresponding powered device, is the main item to control the power delivery direction. Therefore, this proposed method can control the power covered the whole frequency band focus on the corresponding powered devices, which make the energy use most. It is also proved that this proposed method can achieve power focus over the whole frequency band with only one-time TR operation and Fourier transformation, which is a simple method.
Moreover, compare eq. (14) with eq. (15), the advantages of introducing weight can be summarized as two aspects: one is the power impinging on multi-powered devices is almost the same; the other one is making ϕ x , ω) . Namely, the power impinging on the powered device is always greater than that arriving at other places in the PRP, which enhances the PCE and reduces the waste of energy.
Here, we give the expression of PCE in the m th powered device as
where, P d m represents the power impinging on the m th powered device, and P L denotes the power impinging on the PRP with fixed θ or φ. Therein, φ is changed when θ is fixed, and vice versa.
III. RESULTS AND DISCUSSION
In this section, we simulate WPT in a 3D indoor environment based on the non-line of sight model in IEEE 802.15.3a by the proposed method and algorithm, whose performance is compared with those obtained by just taking TR operation and sending power directly. We take modulated gaussian pulse centered at 2.45 GHz with 3 ns duration as charging request signal of all powered devices. By only single run of TR operation and Fourier transformation, the wideband excitation is achieved by the proposed algorithm presented above. The advantage of wideband can be concluded that wideband excitation make this proposed WPT method suitable for many applications, since many electric devices for specific applications have their own work bands, when the wideband exciation covers their work bands, they can be charged in low battery status whatever the kind of them is. VOLUME 7, 2019 Here, the PSA can be constructed by different number of omnidirectional antennas with different arrangement. Although, the arrangement of PSA can be generated randomly, it must obey the designed principles. That is according to the common design of antennas, the size of antenna worked at 2.45 GHz is about λ/4 = 30.6 mm, and the distance between each antenna element is at least λ/2 = 61.2 mm in order to avoid the interference among each antenna, which is designed based on antenna theory [36] . In the following simulations, the total number of antenna is N = 48 and 80 respectively, and the PSA is fixed on the ceiling. The center of ceiling is chosen as the center of PSA. In N = 48 case, N = N1 × N2 = 8 column × 6 line. And in N = 80 case, N = N1×N2 = 10 column × 8 line, where N1 is the number of antennas in column, and N2 is the number of antennas in line.
According to the general structure of room, we assume the size of ceiling and ground are both 15×10 m 2 , and the height of room is L = 3 m, which is used as the distance between ceiling and PRP in the first and third simulation. Therein, the first simulation is used to explore the performance of the proposed method on WPT for three devices placed arbitrarily in the same PRP, the second simulation is utilized to study the affect of different PRPs on the performance of proposed method, where L is changed into L1 = 2.5 m for device 1, L2 = 2 m for device 2 and L3 = 1.5 m for device 3 without changing the positions of three devices compared with the first simulation, and the third simulation is executed to invest the performance of the proposed method on WPT for gathering three devices at the corner of PRP, where three devices are also put in the same PRP, since the distance between each device is smallest when they are placed in the same plane. 2 shows one kind of PSA's antenna arrangement, which is produced randomly and obey our design principle. The analyses below are all based on these two arrangements. Note the distance between each antenna is on the order of centimeter. Therefore, some of antennas' positions look very close in Fig.2 with the order of meter.
The signal strengths observed at respective PRP in N = 48 and N = 80 cases are separately shown in Fig.3 and Fig.4 , which are polar diagrams in the respective radiation plane. It can be seen clearly that the main pattern is just at θ = 90 • in sending power directly case, and with the increasement of N, the main pattern is more focused and sidelobes are smaller. In just taking TR operation case, the signal pattern is towards the directions of three devices with large beamwidth compared with those obtained in proposed method case. Also, with the increasement of N, the signal pattern is more focused and beamwidths become narrower. While, in proposed method case, the narrow beamwidths can be always got whenever N = 48 and N = 80. Thus, the proposed method can provide the precise power delivery towards powered devices, and does not make the interference to non-powered devices even with small N. Besides, the sidelobes in non-powered devices' directions become weaker with the increasement of N. Thus, there are more power impinging on the powered devices, which can also be proved in normalization power maps generated by 48 and 80 antennas respectively shown in Figs.5 and 6.
By sending power directly, the power arriving at the three powered devices are very small whenever N = 48 or N = 80 as shown in Figs. 5(a) and 6(a) . Therefore, sending power directly is not a suitable method for powering multikind/multi device placed arbitrarily. By just taking TR operation as shown in Figs. 5(b) and 6(b), although three powered devices can be charged, the sidelobes are high, which leads to a large interference to non-power devices, especially the one near the powered device. This situation can be alleviated by increasing N. Namely, the sidelobes or the interference to non-powered devices can be improved with the increasement of N. However, by the proposed method, the three powered devices can be charged effectively. The power arriving at the powered devices are much more than those arriving at non-powered devices' positions, especially the near one. is that the PCE obtained in N = 80 case is larger, since the power from the PSA is larger in N = 80 case than that in N = 48 case, which can also be proved in the research of PCE as shown in Figs. 7 and 8 . Figs.7 and 8 show the PCE observed at observation azimuth angle (φ) plane and elevation angle (θ) plane of each device. The exact value of PCE is shown in Table 1 . It can be seen clearly that by sending power directly, the power can not be received by these three powered devices effectively whether in N = 48 case and N = 80 case, the PCEs are very low just smaller than 2% in N = 48 case and 5% in N = 80 case. Additionally, the PCEs of device 1 and device 2 are larger in N = 48 case than those in N = 80 case in both θ and φ planes, since larger N leads to a narrower or more focused signal pattern in θ = 90 • (shown in Figs 3(a) and 4(a) ) and the θ for device 1 and device 2 are respectively 20 • and 50 • , which is far away from θ = 90 • . Unlikely, the θ for device 3 is near 90 • , thus, the PCEs for device 3 in N = 80 case are larger than those in N = 48 case in both θ and φ planes.
Compared with the method of sending power directly, just taking TR operation and the proposed method can enhance PCE greatly. While the PCEs of three powered devices obtained by just taking TR operation are quite different among each other, which is called unfairness of power. Specifically, the biggest differences are separately more than 34% and 45% in θ plane in N = 48 case and N = 80 case, and more than 10% in φ plane in N = 48 case, although the PCEs in φ plane in N = 80 case is almost the same.
Fortunately, the unfairness is alleviated by the proposed method. Specifically, the biggest differences are separately less than 5% and 4% in θ plane in N = 48 case and N = 80 case, and 4% in φ plane in both N = 48 and N = 80 cases. Thus, we can conclude the efficiency and unfairness of power are improved by the proposed methods, even in the condition that three devices are placed in different PRPs, which is the second simulation. Its PCE values are shown in Table 1 as well. The small difference among the values of PCE in the same case is introduced by different channel information. Furthermore, the PCE is enhanced whether in azimuth angle or elevation angle with the increasement of N. Thus, we can conclude that PCE can be improved further by properly increasing the number of antennas. By the way, we found the PCE of powered device is sometimes greater in just taking TR operation case than that obtained by proposed method. That is because the power from PSA is limited and quantitative, and if the most of this power is focused on one place, the other places will get little power, which also generates power unfairness problem. Thus, although some powered devices can obtain more power in just taking TR operation, this method is not suitable for charging multi-device because of power unfairness.
In the second simulation, although these three devices are positioned in different planes, they can be powered effectively with small sidelobes as shown in Figs.9 and 11 , which means the interference to non-powered devices is small. However, three devices are not able to be charged simultaneously by just taking TR operation, and can not be charged at all by sending power directly as the PCE values shown in Table 1 . Thus, the proposed method can be used to charge devices effectively in different planes in a 3D indoor environment. Besides, although the different PRPs do affect the PCEs in θ plane as shown in Figs.10(b) and 12(b) , since the elevation angle θ is the main factor affected by the different distances between PRPs and PSA plane, the unfairness of power in θ plane is still better than that obtained by just taking TR operation. Moreover, the unfairness of power in φ plane is addressed as shown in Figs.10(a) and 12(a), which is similar as the first simulation, since the different PRPs have little influence on PCEs in φ plane, which is quite different from the situation in θ plane.
In the last simulation, we gather three devices at the corner of the same PRP (L = 3m). According to the size of room, we can get the elevation angle of corner is arctan ( It can be seen clearly that whenever in N = 48 case and N = 80 case, these three powered devices can be all powered effectively. The power and PCE arriving at non-powered devices are very low compared with those in the powered devices' positions. Especially, it is much clearer in the extended figures as Figs. 13(b) and 14(b) shown, the power is just focused in the powered devices' locations, and decreases fast at non-powered devices even when the non-powered devices are near the powered devices. Thus, the interference to non-powered devices is suppressed effectively by the proposed method, which can be also proved in the PCE results as shown in Figs. 13(c)(d) and 14(c)(d). Because these three devices have the same θ, the curves of PCE versus azimuth angle are the same as shown in Figs. 13(c) and 14(c) , and the PCEs of these three powered devices are obviously larger than those observed at non-powered devices. Besides, the same results can be obtained in the result of PCE versus elevation angle as shown in Figs. 13(d) and 14(d) . Furthermore, compared Fig. 13 with Fig. 14 , we can conclude that the power map and PCE are more focused on the powered devices with the increasement of N. It is worth mention that the ability of focusing power towards the powered devices of our proposed method can not be affected negatively by changing the number of antennas. In other words, the sidelobes can be suppressed effectively in both N = 48 case and N = 80 case.
Besides, all simulations consider the equipments hoped to construct the measurement. Our algorithm of processing signal including TR and weight operations can be executed in the traditional computer. And the receiving charging request signal can be recorded by the traditional digital serial analyzer such as Tektronix DSA 72004B. The excitation signal can be generated and delivered to PSA by the traditional arbitrary waveform generator such as Agilent AWG 7122B. It can be seen that the equipments used in this WPT can be very common and have been put into use for many years. Thus, our scheme is feasible and not complex. Furthermore, the PCE is discussed on the premise that the power from PSA is 100%. In the actual application, the total efficiency can be obtained just through multiplying this PCE by the efficiency of used equipment, which is easy to implement.
Additionally, we want to explain the reason why we use omni-directional antenna elements to build PSA. We can image that if we use directional antenna elements instead of omni-directional antenna elements to construct PSA, some places in the PRP can obtained much power, while, other places in the PRP can receive seldom power, which will lead to a more serious power unfairness problem. Thus, the omnidirectional antenna element is the best choice.
As we known, the simulations are both on the conditions of N = 48 and N = 80. But, there is no criterion for choosing N. It can be designed according to your applications, such as the wanted PCE, the size of indoor environments and the size of ceiling. If the N is small, such as 10 or 20, the PCE will be small compared with the data in this paper. But, the focusing property to the wanted places is still work.
IV. CONCLUSION
In this paper, we propose a method and algorithm to charge multi-kind/multi powered devices wirelessly and simultaneously in 3D indoor environments. Different from those methods used in WPT, such as beamforming and retro-reflection, the wideband excitation can be achieved by one-time TR operation and Fourier transformation, which avoids complex single frequency optimization in conventional WPT. The basic physical idea of our method is utilizing the auto-match of antenna radiation and environment adaptability of TR. This principle allows us to focus the power only towards the directions of powered devices, which is not interference to non-powered devices. Besides, this method is suitable for the condition of using omnidirectional antennas with any structure and arrangement as PSA, which breaks the limitations of antenna structure and arrangement in conventional WPT. Additionally, the proposed method also address the power unfairness problem, which usually happens in charging multi-powered devices. The potential applications of our proposed method is not limited to the indoor environments, and is also able to be used in complex media for outdoor environment.
